Introduction
============

Osteosarcoma is the most common primary osteogenic malignant tumor in childhood and adolescence with a prevalence of 3 cases per million individuals annually worldwide ([@b1-ijo-56-06-1417],[@b2-ijo-56-06-1417]). The 5-year survival rate of osteosarcoma patients has improved to 60-70% since 1970s due to the development of advanced radical treatments and multi-agent chemotherapeutics; however, the survival rate has remained unaltered over the past several decades ([@b3-ijo-56-06-1417]). Additionally, the 5-year survival rate of patients with recurrent or metastatic osteosarcoma is only \~20% ([@b4-ijo-56-06-1417]), and current therapies have exhibited limited efficacy. Osteosarcoma remains the second highest cause of cancer-related mortality among children and adolescents ([@b5-ijo-56-06-1417],[@b6-ijo-56-06-1417]), underscoring a critical need for the development of novel therapeutic strategies.

A number of natural plant-derived ingredients have been shown to exhibit promising antitumor therapeutic proper-ties and are being evaluated in pre-clinical and clinical experiments ([@b7-ijo-56-06-1417]-[@b9-ijo-56-06-1417]). Andrographolide has been widely used for \>60 years for its extensive therapeutic properties with minimal adverse side-effects ([@b10-ijo-56-06-1417],[@b11-ijo-56-06-1417]). Andrographolide exhibits significant cytotoxic effects against various cancer cell lines by inhibiting cell cycle progression, reducing cell invasion and inducing apoptosis ([@b12-ijo-56-06-1417]-[@b14-ijo-56-06-1417]). It has previously been reported that andrographolide treatment results in the apoptosis of human leukemic cells through the mitochondrial-mediated pathway ([@b15-ijo-56-06-1417]). It has previously been demonstrated that andrographolide inhibits the proliferation of prostate cancer cells by inducing G2/M and G1 phase arrest, and initiating caspase-8-mediated mitochondrial apoptosis ([@b16-ijo-56-06-1417]). However, the effect of andrographolide on osteosarcoma and the detailed underlying molecular mechanisms have not yet been elucidated.

Apoptosis, also known as type I programmed cell death, is a very orderly process during which the genome of the cell is broken down, the cell is fragmented into smaller sections, and the debris are consumed by nearby cells (phagocytes) that \'clean up\' the cell fragments ([@b17-ijo-56-06-1417]). Apoptosis serves a significant role in the chemotherapy of various types of cancer ([@b18-ijo-56-06-1417]). Reactive oxygen species (ROS), active forms of oxygen, generated as by-products of cellular metabolism, possess toxic effects on a variety of molecular targets including lipids, DNA and proteins in most cells ([@b19-ijo-56-06-1417]). Notably, cancer cells have been found to be more sensitive to damage by ROS products since they exhibit increased oxidative stress ([@b20-ijo-56-06-1417]). Accumulating evidence indicates that ROS are involved in various signaling pathways and serve a key role in inducing cell apoptosis ([@b21-ijo-56-06-1417]-[@b24-ijo-56-06-1417]). Excessive amounts of ROS can affect multiple signaling pathways, such as MAPK family members, including JNK, p38 and ERK ([@b25-ijo-56-06-1417]). JNK is a stress-activated protein kinase of the MAPK family, and serves a critical role in a number of cellular events, including apoptosis ([@b26-ijo-56-06-1417]). Therefore, targeting ROS/JNK may be an effective method for treating cancer.

The detailed mechanisms responsible for the antitumor effects of andrographolide remain uncertain. It has been shown that andrographolide can induce cytotoxicity and cell cycle arrest in breast cancer, prostate cancer, laryngeal cancer and gastric cancer by upregulating ROS production, leading to programmed cell death ([@b27-ijo-56-06-1417]-[@b30-ijo-56-06-1417]). Andrographolide has also been found to induce human hepatoma cell death through JNK activation ([@b31-ijo-56-06-1417]). Moreover, a recent study reported that the ROS/JNK pathway was involved in the andrographolide-induced cell death of HeLa cells ([@b32-ijo-56-06-1417]). However, whether andrographolide can induce apoptosis of osteosarcoma cells, and whether the antitumor effect is mediated via the ROS/JNK pathway remains unknown, to the best of our knowledge.

In the present study, the antitumor effects of andrographolide against osteosarcoma cells *in vitro* and *in vivo* were demonstrated. The possible molecular mechanisms were further explored, and it was demonstrated that andrographolide induced G2/M phase arrest and the apoptosis of osteosarcoma cells via the ROS/JNK signaling pathway.

Materials and methods
=====================

Reagents and antibodies
-----------------------

Andrographolide (\>98%) was purchased from Selleck Chemicals and dissolved in DMSO (Sigma-Aldrich; Merck KGaA) at a concentration of 100 mM. N-Acetyl-L-cysteine (NAC) and SP600125 (SP) were purchased from Sigma-Aldrich; Merck KGaA. The molecular formula of andrographolide is C20H30O5 and its molecular weight is 350.45. FBS, DMEM, RPMI-1640 medium, penicillin, streptomycin, PBS and 0.25% trypsin were obtained from Gibco; Thermo Fisher Scientific, Inc. The following anti-bodies were used for western blot analysis: Poly(ADP-ribose) polymerase (PARP, cat. no. 9542), cleaved caspase-3 (cat. no. 9664), cleaved caspase-8 (cat. no. 9496), cleaved caspase-9 (cat. no. 9505), phospho-JNK (cat. no. 4668), JNK (cat. no. 9252) and GAPDH (cat. no. 5174). These were obtained from Cell Signaling Technology, Inc.

Cells and cell culture
----------------------

The osteosarcoma cell lines, HOS, U2OS, SAOS-2 and MG-63, were purchased from the Shanghai Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, China). The HOS, SAOS-2 and MG-63 cells were cultured in DMEM (Gibco; Thermo Fisher Scientific, Inc.) and the U2OS cells were cultured in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc.). A total of 6 patients with osteosarcoma from the Musculoskeletal Tumor Center, Department of Orthopedics, The Second Affiliated Hospital of Zhejiang University School of Medicine were included in the present study. The cohort included four males and two females, ranging with a median age of 20 (age range, 12-28). Tumor specimens from osteosarcoma patients were mechanically disaggregated using razor blades at 37°C for 2 h in DMEM with collagenase type IV (2 mg/ml), DNase (0.1 mg/ml), hyaluronidase (0.1 mg/ml) and BSA (2 mg/ml) (all from Sigma-Aldrich; Merck KGaA). Cell suspensions were passed through 70-*µ*m filters to remove aggregates and then cultured in DMEM. All media were supplemented with 10% FBS, 100 U/ml penicillin and 100 *µ*g/ml streptomycin. Cells were maintained at 37°C in a 5% CO~2~ incubator.

Written informed consent was obtained from each patient or their legal guardians where required and the study was approved by the Human Research Ethics Committees of the Second Affiliated Hospital, School of Medicine, Zhejiang University (Hangzhou, China).

Cell viability assay
--------------------

Briefly, HOS, U2OS, SAOS-2 and MG-63 cells were seeded in 96-well tissue culture plates for one day at a density of 4×10^3^ cells/well. Following treatment with various concentrations of andrographolide (0, 20, 40 and 80 *µ*M) for 12, 24, 48 and 96 h, cell viability was evaluated using an MTS kit (cellTiter96AQ; Promega Corporation) according to the manufacturer\'s protocol. The optical density value was measured on an MR7000 microplate reader (Dynatech) at 490 nm.

Colony formation assay
----------------------

Colony formation assays were performed to assess the effect of andrographolide on osteosarcoma cell clonal ability. Cells were seeded at 100/well in 6-well plates and treated with various concentrations of andrographolide (0, 1.25, 2.5, 5 and 10 *µ*M) for 2 weeks until visible colonies were observed. The cells were then washed with PBS twice and fixed with 4% paraformaldehyde at room temperature for 15 min. After washing twice again, the cells were stained with 0.1% crystal violet at room temperature for 15 min. Finally, the plates were imaged, and the colonies were counted under a light microscope (magnification, ×4).

Morphological apoptosis
-----------------------

To determine the apoptotic morphological changes, cells were treated with 40 *µ*M andrographolide for 24 h and then stained with Hoechst 33258 (Beyotime Institute of Biotechnology) for 10 min at room temperature. After washing twice, cell morphology was observed using a fluorescence microscope (magnification, ×10; Olympus Corporation) to determine chromatin condensation.

Cell cycle analysis
-------------------

Cells were plated at 3×105/well in 6-well plates and treated with andrographolide (0, 20, 40 and 80 *µ*M) for 24 h. The cells were then trypsinized and fixed with cold 75% ethanol at −20°C overnight. The cells were stained with buffer containing propidium iodide and RNase (BD Biosciences) at room temperature for 15 min and analyzed using a FACSCalibur (BD Biosciences) flow cytometer and ModFit LT software (version 3.2; Verity Software).

Apoptosis analysis
------------------

A total of 2.5×10^5^ cells/well were plated in 6-well plates. Following treatment with andrographolide (0-80 *µ*M) for 24 h, the cells were incubated with Annexin V-PE and 7-AAD for 15 min at 37°C in the dark. Subsequently, cells were washed and resuspended in 300 *µ*l PB, assessed using a flow cytometer (FACSCalibur, BD Biosciences) and the data were analyzed using CellQuest™ Pro version 5.1 (Becton, Dickinson and company).

Western blot analysis
---------------------

HOS and U2OS cells were seeded in 60-mm dishes. Following treatment with andrographolide for 24 h, the cells were harvested, washed and resuspended in RIPA lysis buffer (Beyotime Institute of Biotechnology) with phenylmethanesulfonyl fluoride for 30 min on ice. The lysates were centrifuged at 4°C and 13,000 × g for 15 min. The protein concentrations were determined using a bicinchoninic acid protein assay kit (Beyotime Institute Biotechnology). Equal quantities of protein (40 *µ*g) were loaded on an SDS gel (10% or 12%), resolved using SDS-PAGE and transferred to PVDF membranes (EMD Millipore). Membranes were blocked with TBS-Tween (TBST) containing 5% skimmed milk, and then incubated overnight at 4°C with the primary antibodies. Subsequently, the membrane was washed with TBST, and incubated for 1 h at room temperature with a horseradish peroxidase-conjugated goat secondary anti-rabbit IgG (Boster Biological Technology; cat. no. BA1054). The membranes were incubated with an enhanced chemiluminescence kit (EMD Millipore), and the protein bands were then visualized using a ChemiDoc imaging system (Bio-Rad Laboratories, Inc.). Densitometry analysis was performed using ImageJ (Version 1.46; National Institutes of Health)

Measurement of mitochondrial membrane potential (MMP)
-----------------------------------------------------

JC-1 fluorescent probe (Beyotime Institute of Biotechnology) was used to measure MMP. Briefly, cells were plated at a density of 2.5×10^5^/well in 6-well plates and treated with andrographolide (0-80 *µ*M) for 24 h. The cells were then collected and incubated with JC-1 for 20 min at 37°C. Subsequently, the stained cells were washed and analyzed using a flow cytometry.

Measurement of ROS generation
-----------------------------

ROS assays using DCFH-DA (Beyotime Institute of Biotechnology) were used to measure intracellular ROS. Briefly, the cells were treated with andrographolide (0-80 *µ*M) for 12 h prior to incubation with DCFH-DA (10 μM) for 30 min at 37°C. Subsequently, the stained cells were detected using fluorescence microscopy (magnification, ×10) and flow cytometry. ROS production *in vivo* was determined using dihydroethidium (DHE) as described previously ([@b33-ijo-56-06-1417]). Briefly, 24 h before sacrifice, each mouse received a 200 *µ*l intravenous injection of DHE at 25 mg/kg.

Animal experimental design
--------------------------

Female Balb/c-nu mice (5 weeks old, n=15) were purchased from the Shanghai Laboratory Animal Center of Chinese Academy of Sciences. HOS cells were transfected with luciferase (HOS-Luc) using lentivirus for *in vivo* imaging. For lentiviral infection, HOS cells were incu-bated with lentiviral luciferase particles \[pLV-Puro-CMV (Luc); Hanbio Biotechnology, Co., Ltd.\] in the presence of 5 *µ*g/ml polybrene (Hanbio Biotechnology, Co., Ltd.). After 12 h, the infection medium was discarded, and the cells were cultured with fresh medium for 3 days before being screened using puromycin (4 *µ*g/ml; Sigma-Aldrich; Merck KGaA) and then passaged for use in subsequent experiments. Tumor xenografts were established by a subcutaneous injection of 5×10^6^ HOS-Luc cells suspended in 100 μl PBS into the flanks of mice. Tumor size was monitored every two days and calculated as follows: Length × width^2^/2. When the tumors had grown for 10 days, reaching \~50 mm^3^, the mice were randomly divided into three groups, each of which contained five mice. The three groups of mice received intraperitoneal injections with 100 *µ*l 1% DMSO in PBS, or a low or high concentration of andrographolide every two days, respectively. Tumor sizes and body weights were measured every two days to observe dynamic variations. Tumor inhibition rate was calculated as follows: (1 - volume in experimental group/volume in control group) × 100%. After two weeks of therapy, all mice were euthanized, and tumors were excised and fixed in 10% neutral-buffered formalin for 24 h at 4°C for further analysis. The animal experiments were approved by the Animal Care and Use Committee of Zhejiang University, China.

Tumor histology
---------------

Tumor specimens were cut into serial sections (3-*µ*m-thick) after fixing with formalin and embedding in paraffin. The slides were hydrated using a gradient of ethanol solutions (100%, 100%, 95%, 85% and 75% ethanol, followed by PBS; 5 min each). Subsequently, the slides were stained with hematoxylin at room temperature for 15 min, and then immersed in 1% hydrochloric acid in 75% ethanol for 30 sec. The slides were then washed and stained with eosin at room temperature for 5 min. Following dehydration, the slides were immersed in xylene.

Immunohistochemical analysis
----------------------------

Formalin-fixed and paraffin-embedded tumor specimens were cut into serial sections of 3 *µ*m thickness. Slides were treated with 3% H~2~O~2~ for 15 min to block endogenous peroxidase activity. Antigen retrieval was performed by boiling in sodium citrate buffer (pH 6.0) for 10 min. The slides were then incubated with 10% goat serum (cat. no. SL038, Beijing Solarbio Science & Technology Co., Ltd.) at room temperature for 30 min. Slides were incubated with cleaved caspase-3 (1:50) and phospho-JNK (1:50) antibodies at 4°C overnight and then washed with PBS three times. Subsequently, the slides were treated with a biotin-labeled secondary antibody (1:50) at room temperature for 30 min prior to incubation with DAB (Sigma-Aldrich; Merck KGaA) at room temperature for \~30 sec. Then the slides were stained with hematoxylin at room temperature for 15 min and the images were obtained using a light microscope (magnification, ×20).

Statistical analysis
--------------------

All experiments were performed in a minimum of triplicates. Quantitative data are expressed as the mean ± standard deviation, and the significance of the differences between treatment groups were determined using one-way ANOVA with a post hoc Dunnett\'s test or a Student\'s t-test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Andrographolide inhibit s the proliferation of osteosarcoma cells in a time- and dose-dependent manner
------------------------------------------------------------------------------------------------------

To evaluate theeffect of andrographolide on the growth of osteosarcoma cells, HOS, U2OS, SAOS-2 and MG-63 cell lines were treated with various concentrations of andrographolide (0-80 *µ*M) for 12, 24, 48 and 96 h ([Fig. 1A](#f1-ijo-56-06-1417){ref-type="fig"}). Based on the results of MTS assay, the viability of the tumor cells was significantly reduced by andrographolide in a time- and dose-dependent manner, and the IC~50~ values for 24 h of treatment were 50.84 *µ*M for HOS cells, 68.42 *µ*M for U2OS cells, 55.27 *µ*M for SAOS-2 cells and 30.87 *µ*M for MG-63 cells. Although MG-63 seemed to be the most sensitive cell line, HOS and U2OS were selected for further studies as HOS cells are more suitable for use in animal studies ([@b23-ijo-56-06-1417],[@b34-ijo-56-06-1417]) and U2OS cells are more stable for use in the *in vitro* experiments used in the present study. Colony formation assays showed that fewer colonies were formed following andrographolide treatment ([Fig. 1B and C](#f1-ijo-56-06-1417){ref-type="fig"}).

Andrographolide treatment results in G2/M phase cell cycle arrest
-----------------------------------------------------------------

To determine whether andrographolide reduced cell viability by inducing cell cycle arrest, cell cycle distribution of the cells treated with andrographolide was assessed. Exposure to andrographolide resulted in a marked increase in the proportion of cells in the G2/M phase, and a corresponding decrease in the proportion of cells in the G1 and S phases in both the HOS and U2OS cells ([Fig. 1D and E](#f1-ijo-56-06-1417){ref-type="fig"}). The percentage of cells in the G2 phase increased from 15.1 to 51.6% in the HOS, and from 17.2 to 39.6% in the U2OS cells.

Andrographolide increases mitochondrial-mediated apoptosis of osteosarcoma cells
--------------------------------------------------------------------------------

To determine whether apoptosis was responsible for the reduced cell growth induced by andrographolide, Hoechst staining and flow cytometry assays were performed. The results showed that apoptotic chromatin condensation was clearly observed in the cells treated with andrographolide ([Fig. 2A](#f2-ijo-56-06-1417){ref-type="fig"}). To quantify apoptosis, tumor cells treated with the indicated concentrations of andrographolide were stained with Annexin V-PE/7-AAD. As shown in [Fig. 2B and C](#f2-ijo-56-06-1417){ref-type="fig"}, the proportion of apoptotic cells was negligible for the control cells, whereas exposure of the cells to andrographolide for 24 h resulted in a dose-dependent increase in the proportion of both early and late apoptotic cells. The effect of andrographolide on the mitochondria was also determined. MMP was shown to decrease significantly in the presence of andrographolide ([Fig. 2D and E](#f2-ijo-56-06-1417){ref-type="fig"}). Subsequently, the expression of a downstream apoptotic protein was measured. As shown in [Fig. 2F and G](#f2-ijo-56-06-1417){ref-type="fig"}, andrographolide significantly induced caspase-3, -8 and -9 activation, and resulted in PARP cleavage. Overall, these results suggest that andrographolide induces mitochondrial-mediated apoptosis.

Andrographolide induces apoptosis by promoting JNK activation
-------------------------------------------------------------

The role of JNK in andrographolide-induced apoptosis was investigated. The results revealed that phosphorylated JNK expression was increased by andrographolide in both the HOS and U2OS cells ([Fig. 3C](#f3-ijo-56-06-1417){ref-type="fig"}). To determine whether JNK activation contributes to andrographolide-induced apoptosis and G2/M phase arrest, SP600125 (SP), a specific JNK inhibitor, was used to block JNK phosphorylation. The MTS assays showed that andrographolide-induced cytotoxicity against osteosarcoma cells was reduced by SP ([Fig. 4A](#f4-ijo-56-06-1417){ref-type="fig"}). As shown by flow cytometry, SP also inhibited andrographolide-induced apoptosis and reduced mitochondrial depolarization ([Fig. 4C-F](#f4-ijo-56-06-1417){ref-type="fig"}). SP blocked JNK activation and inhibited the accumulation of apoptosis-related proteins ([Fig. 4G](#f4-ijo-56-06-1417){ref-type="fig"}). However, SP failed to reverse G2/M phase cell cycle arrest caused by andrographolide ([Fig. 4B](#f4-ijo-56-06-1417){ref-type="fig"}). These results suggest that JNK activation is required for andrographolide-induced apoptosis, but was not involved in cell cycle arrest.

Andrographolide promotes ROS generation, which results in JNK activation and initiates andrographolide-induced apoptosis and G2/M phase cell cycle arrest
---------------------------------------------------------------------------------------------------------------------------------------------------------

ROS have been reported to serve a significant role in mediating apoptosis and cell cycle arrest ([@b35-ijo-56-06-1417],[@b36-ijo-56-06-1417]), and also to promote the sustained activation of JNK ([@b37-ijo-56-06-1417]), thus, the ROS levels were detected. ROS production was significantly increased by andrographolide treatment and the increased ROS production was completely blocked by NAC, an ROS scavenger ([Fig. 3A](#f3-ijo-56-06-1417){ref-type="fig"}). As shown in [Fig. 3B](#f3-ijo-56-06-1417){ref-type="fig"}, the results further revealed that ROS production was initiated by 20 *µ*M andrographolide and was significantly increased when cells were treated with 80 *µ*M. MTS assays showed that NAC reduced the cell death caused by andrographolide ([Fig. 4A](#f4-ijo-56-06-1417){ref-type="fig"}). In addition, in contrast to the JNK inhibitor, NAC was found to have a notably more potent effect on reducing apoptosis and attenuating the decrease in MMP levels induced by andrographolide ([Fig. 4C-F](#f4-ijo-56-06-1417){ref-type="fig"}). Furthermore, NAC was demonstrated to completely inhibit andrographolide-induced increase in expression of apoptosis-associated proteins ([Fig. 4G](#f4-ijo-56-06-1417){ref-type="fig"}), and restore the andrographolide-induced increase in the proportion of cells in the G2/M phase ([Fig. 4B](#f4-ijo-56-06-1417){ref-type="fig"}). NAC significantly blocked JNK activation, and the JNK inhibitor did not exert a notable effect on ROS suppression ([Fig. 4G and H](#f4-ijo-56-06-1417){ref-type="fig"}). Together, these results suggest that ROS generation results in JNK phosphorylation and initiates andrographolide-induced apoptosis and cell cycle arrest.

Andrographolide inhibits the growth of osteosarcoma in vivo
-----------------------------------------------------------

To examine the *in vivo* effects of andrographolide on osteosarcoma growth, equal numbers of HOS-Luc cells were injected subcutaneously into nude mice. Once the tumors reached \~50 mm^3^, the mice were treated with an intra-peritoneal injection of control or andrographolide treatment every other day. Compared with the control, tumor growth in the groups receiving 15 and 30 mg/kg was decreased by 45.6 and 57.4%, respectively, after 14 days of treatment ([Fig. 5A-D](#f5-ijo-56-06-1417){ref-type="fig"}). There was no difference in body weight according to the data ([Fig. 5E](#f5-ijo-56-06-1417){ref-type="fig"}). Tumor tissue was harvested from the control- and andrographolide-treated mice for further analysis. Upregulated levels of ROS were detected in tumor tissue from mice treated with andrographolide ([Fig. 6A](#f6-ijo-56-06-1417){ref-type="fig"}). Hematoxylin and eosin staining showed that the proportion of dead cells in the andrographolide-treated tumor tissue was higher ([Fig. 6C](#f6-ijo-56-06-1417){ref-type="fig"}). Both immunohistochemistry and western blot analysis showed that the expression levels of cleaved caspase-3 and phosphorylated JNK were increased by andrographolide treatment ([Fig. 6B-D](#f6-ijo-56-06-1417){ref-type="fig"}). All these data suggest that andrographolide inhibits the growth of osteosarcoma *in vivo*.

Andrographolide exerts similar antitumor effects on primary osteosarcoma cells as it does on cell lines
-------------------------------------------------------------------------------------------------------

Primary osteo-sarcoma cells were obtained from six patients who suffered from osteosarcoma and were used to assess the effects of andrographolide on clinical specimen. The characteristics of the patients from which specimen were obtained are presented in [Table SI](#SD1-ijo-56-06-1417){ref-type="supplementary-material"}. Andrographolide significantly inhibited the proliferation of all primary tumor cells ([Fig. 7A](#f7-ijo-56-06-1417){ref-type="fig"}). Flow cytometry analysis showed there was an increase in the number of apoptotic cells following andrographolide treatment, similar to the results obtained with the cell lines ([Fig. 7B](#f7-ijo-56-06-1417){ref-type="fig"}). Thus, these results suggest that andrographolide exerts similar effects on primary cells as it does on immortalized cell lines.

Discussion
==========

The 5-year survival rate for osteosarcoma patients has increased to \>60% since 1970s ([@b38-ijo-56-06-1417]). Despite the fact that the prognosis of localized osteosarcoma has significantly improved due to advances in surgery and multiagent chemotherapy, the long-term survival of patients has remained unaltered for several decades ([@b38-ijo-56-06-1417]). Thus, novel treatments are required to improve the outcomes of patients with osteosarcoma. Andrographolide has been reported to be a promising therapeutic for treatment of multiple types of cancer, with potent antitumor effects and minimal toxicity ([@b11-ijo-56-06-1417],[@b29-ijo-56-06-1417],[@b39-ijo-56-06-1417]-[@b42-ijo-56-06-1417]). However, little is known about the effects and biochemical mechanisms of action of andrographolide in osteosarcoma. In the present study, the results demonstrated that andrographolide effectively inhibited the growth of osteosarcoma cells *in vitro* and *in vivo* through cell cycle arrest at the G2/M phase and increasing apoptosis, and that these effects were mediated via the ROS/JNK signaling pathway.

Apoptosis, an energy-dependent genetically programmed cell death mechanism, is a major route for the elimination of cancer. Apoptosis can be induced through either the extrinsic or the intrinsic pathway. Caspase-dependent apoptosis is the major form of controlled cell death in cancer cells. The results of the present study indicated that andrographolide induced apoptosis by activating both extrinsic and intrinsic pathways. In the present study, andrographolide treatment resulted in the cleavage of caspase-3, -8 and -9, confirming the involvement of caspase-dependent apoptosis in andrographolide-induced cytotoxicity against osteosarcoma cells.

ROS are unstable molecules which contain oxygen, and are predominantly generated by enzymatic activity and organelles, such as the mitochondria, endoplasmic reticulum and peroxisomes ([@b43-ijo-56-06-1417]). ROS can function as key indicators that serve a prominent role in the mediation of both cell survival and death following exposure to various stimuli, including chemotherapeutic agents, radiation, senescence and host defense ([@b43-ijo-56-06-1417],[@b44-ijo-56-06-1417]). The interaction of ROS with proteins that are involved in cancer generation, survival and metastasis has been previously demonstrated ([@b45-ijo-56-06-1417]). The presence of ROS has been found to increase cell stress and damage, which result in cell death, via a mechanism known as oxidative stress ([@b46-ijo-56-06-1417]). Moreover, ROS can also induce temporary or permanent cell cycle arrest, and act as signaling molecules that lead to enhanced cytotoxicity and apoptosis by increasing oxidative stress ([@b47-ijo-56-06-1417],[@b48-ijo-56-06-1417]). Thus, intracellular ROS levels have become a key indicator for a number of chemotherapeutic agents in the induction of cancer cell apoptosis ([@b49-ijo-56-06-1417]-[@b51-ijo-56-06-1417]). In the present study, andrographolide significantly increased the intracellular levels of ROS. Furthermore, the andrographolide-induced cell death, increase in apoptosis, loss of MMP and the increase in cleaved PARP and caspase levels were significantly reversed by an ROS scavenger. Additionally, increased levels of ROS production were also detected following andrographolide treatment *in vivo*. All these data highlight the critical role of ROS in andrographolide-induced cytotoxicity against osteosarcoma cells.

The activation of JNKs is mediated by several stimuli such as heat shock, Fas ligation, oxidative stress and chemotherapeutic agents ([@b52-ijo-56-06-1417]). Oxidative stress strongly associated with elevated levels of ROS. JNK activation can be induced by both exogenous and endogenous ROS ([@b53-ijo-56-06-1417]). In addition, JNK activation serves a pivotal role in the induction of apoptotic cells ([@b54-ijo-56-06-1417]). In the present study, it was demonstrated that treatment with andrographolide significantly increased the expression levels of phosphorylated JNK in osteosarcoma cells. Furthermore, the inhibition of JNK activation attenuated andrographolide-induced cleavage of PARP, caspase-3, -8 and -9, and cell apoptosis. However, the JNK inhibitor failed to block G2/M phase arrest, suggesting that andrographolide-induced cell cycle arrest was modulated by ROS, but not by JNK. Specifically, JNK phosphorylation was significantly inhibited by ROS scavenger, whereas ROS generation was minimally attenuated by the JNK inhibitor, suggesting that ROS activity is a proximal event of JNK. Based on these results, it can be concluded that andrographolide induced the apoptosis of osteosarcoma cells through the ROS/JNK signaling pathway, and that ROS serves a significant role in the modulation of andrographolide-induced G2/M phase cell cycle arrest.

In conclusion, the present study showed that andrographolide inhibited the growth of osteosarcoma cells by causing G2/M phase cell cycle arrest and inducing apoptosis via the ROS/JNK signaling pathway ([Fig. 7C](#f7-ijo-56-06-1417){ref-type="fig"}). In the animal experiments, andrographolide was shown to exhibit significant antitumor activity with minimal toxicity. To the best of our knowledge, the present study is the first study to demonstrate the antitumor effects and mechanisms of andrographolide against osteosarcoma. However, there are some limitations. Despite significant tumor growth inhibition in the andrographolide-treated group in the animal study, andrographolide failed to completely prevent tumor growth. Further studies are required to explore the combined therapy of andrographolide with other established treatments to enhance the antitumor effects. Additionally, only six clinical specimens from patients with osteosarcoma were used to preliminarily show the potential antitumor effects of andrographolide in primary cells. Larger cohorts are required in future studies to confirm these results. The results of the present study demonstrate that andrographolide may be a promising therapeutic agent for treatment of osteosarcoma and the findings of the present study may contribute to an improved understanding of the benefits and clinical applications of andrographolide therapy.
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![AND reduces the proliferation of osteosarcoma cells and induces G2/M phase cell cycle arrest. (A) Osteosarcoma cells were treated with various concentrations of AND for 24 and 48 h, and the effects of AND on proliferation was measured using an MTS assay. Each experiment was performed in triplicate. (B) Representative images and (C) quantitative analysis of the colony formation assays of HOS and U2OS cells treated with various concentrations of AND. (D and E) AND induced cell cycle arrest in osteosarcoma cells. Cells were treated with the indicated concentration of AND for 24 h and then analyzed by flow cytometry. Each experiment was performed three times independently. ^\*^P\<0.05 vs. control. AND, andrographolide.](IJO-56-06-1417-g00){#f1-ijo-56-06-1417}

![AND induces apoptosis in osteosarcoma cells. (A) HOS and U2OS cells were treated with AND, and the apoptotic morphological changes were evaluated by fluorescence microscopy using Hoechst 33258 staining. (B and C) HOS and U2OS cells were stained with Annexin V-PE/7-AAD following exposure to various concentrations of AND. Apoptosis was evaluated by flow cytometry. (D and E) Mitochondrial membrane potential was detected by flow cytometry using the JC-1 fluorescent probe. Changes in the JC-1 red/green ratio from three separate experiments are illustrated in the chart. (F) Cells were treated with various concentrations of AND for 24 h and the expression of cleaved PARP, caspase-3, -8 and -9 was examined by western blot analysis. (G) Histogram shows the relative cleaved protein expression of cells exposed to various concentrations of AND for 24 h. ^\*^P\<0.05 vs. control. AND, andrographolide; PARP, Poly(ADP-ribose) polymerase.](IJO-56-06-1417-g01){#f2-ijo-56-06-1417}

![AND induces generation of ROS and JNK activation in osteosarcoma cells. (A and B) Cells were incubated with DCFH-DA for 30 min following treatment with AND for 12 h. The levels of ROS were measured by flow cytometry and visualized by fluorescence microscopy. Histogram showing quantitative expression of ROS. Scale bar, 200 *µ*m. ^\*^P\<0.05 vs. control; ^\#^P\<0.05 vs. AND. (C) Cells were treated with various concentrations of AND for 24 h and the levels of p-JNK and JNK were determined by western blot analysis. AND, andrographolide; ROS, reactive oxygen species; p-JNK, phospho-JNK; MFI, mean fluorescence intensity.](IJO-56-06-1417-g02){#f3-ijo-56-06-1417}

![Roles of ROS and JNK in AND-induced G2/M cell cycle arrest and apoptosis of osteosarcoma cells. Cells were treated with SP600125 (40 *µ*M) or NAC (5 *µ*M) for 1 h prior to incubation with AND for 24 h. (A) Cell proliferation was determined using an MTS assay. (B) Cell cycle distribution was evaluated by flow cytometry is shown in the histogram. (C and D) Apoptosis and (E and F) mitochondrial membrane potential were detected using flow cytometry. (G) Expression of apoptosis-related proteins, p-JNK and JNK was measured by western blot analysis. (H) Levels of ROS were estimated by flow cytometry. ^\*^P\<0.05 vs. control, ^\#^P\<0.05 vs. AND treatment. AND, andrographolide; ROS, reactive oxygen species; SP, SP600125; NAC, N-Acetyl-L-cysteine; p-JNK, phospho-JNK; MFI, mean fluorescence intensity; PARP, Poly(ADP-ribose) polymerase.](IJO-56-06-1417-g03){#f4-ijo-56-06-1417}

![AND inhibits osteosarcoma growth in xenograft mice models. HOS-Luc cells were injected subcutaneously into the right flank of BALB/c-nu mice. Intraperitoneal administration of the vehicle or AND (15 or 30 mg/kg) every second day commenced when the tumor volume reached \~50 mm^3^. (A and B) Mice were imaged using *in vivo* imaging and tumor growth was evaluated by visualizing bioluminescence. The intensity of the ROI in mouse osteosarcoma models was measured and compared between the control and AND-treated groups. (C-E) Tumor sizes and body weights were measured every two days. Tumor inhibition rate is shown in the histogram. ^\*^P\<0.05 vs. control. ROI, region of interest; AND, andrographolide; Luc, luciferase.](IJO-56-06-1417-g04){#f5-ijo-56-06-1417}

![AND induces ROS generation and JNK activation in osteosarcoma cells *in vivo*. (A) *In vivo* production of ROS was determined by immunofluorescence using DHE. Scale bar, 50 *µ*m. (B) Levels of cleaved caspase-3, p-JNK and JNK were determined by western blot analysis. (C) Histology was evaluated using H&E staining. Cleaved caspase-3 and p-JNK expression levels were measured using immunohistochemistry. Representative images are presented. Scale bar, 100 *µ*m. (D) Mean optical density of cleaved caspase-3 and p-JNK. ^\*^P\<0.05 vs. control. AND, andrographolide; ROS, reactive oxygen species; DHE, dihydroethidium; H&E, hematoxylin and eosin; p-, phospho.](IJO-56-06-1417-g05){#f6-ijo-56-06-1417}

![AND exerts a similar antitumor effect on primary osteosarcoma cells as it does on cell lines. Tumor cells derived from osteosarcoma patients were treated with SP or NAC for 1 h prior to incubation with andrographolide. (A) Cell viability was measured using an MTS assay. (B) Cells were stained with Annexin V-PE/7-AAD following treatment with AND, and apoptosis was evaluated using flow cytometry. ^\*^P\<0.05 vs. control. (C) Schematic diagram of the pathways in which andrographolide reduced cell growth and increased cell death in osteosarcoma cells. EN, endogenous; EX, exogenous; AND, andrographolide; NAC, N-Acetyl-L-cysteine; SP, SP600125.](IJO-56-06-1417-g06){#f7-ijo-56-06-1417}
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